A two-dimensional particle-in-cell plasma model is built in the R-Z plane to investigate the lowfrequency plasma oscillations in the discharge channel of a 5 kW LHT-140 Hall thruster. In addition to the elastic, excitation, and ionization collisions between neutral atoms and electrons, the Coulomb collisions between electrons and electrons and between electrons and ions are analyzed. The sheath characteristic distortion is also corrected. Simulation results indicate the capability of the built model to reproduce the low-frequency oscillation with high accuracy. The oscillations of the discharge current and ion density produced by the model are consistent with the existing conclusions. The model predicts a frequency that is consistent with that calculated by the zero-dimensional theoretical model.
Introduction
Hall electric propulsion [1, 2] is one of the electric propulsion technologies with the highest technical maturity and is increasingly applied to and considered for a variety of space missions, such as satellite station-keeping. The LHT-140 Hall thruster (shown in figure 1 ) is developed for full electric propulsion satellite applications. The LHT-140 Hall thruster works in largethrust mode to shorten the time when the satellite is in the orbit transfer stage and in high-specific mode to conserve the propellant when the satellite is in the orbit maintenance stage. Thus, the advantages of Hall electric propulsion will be maximized.
Plasma oscillations are of considerable importance for Hall thrusters because they have a significant effect on the plasma characteristics and performance of the thrusters, such as the anomalous electron transport [3] , efficiency, and life. Numerous theoretical and experimental studies have been conducted to analyze plasma oscillations. Previous experimental studies [4] [5] [6] showed that oscillations are related to the ionization process. The most common oscillations are the low-frequency oscillations characterized by a frequency band of 10-100 kHz. Fife developed a simple predator-prey model [7] , examined the lowfrequency oscillation in a SPT-100-type Hall thruster, and concluded that the process is related to ionization fluctuation. Subsequently, the low-frequency oscillations have been well reproduced by numerous time-dependent numerical models [8] [9] [10] . Recently, Barral, Yu, Wei, and Wang et al have conducted considerable research [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] on the influencing factors, physical mechanisms, and stability of low-frequency oscillations.
This study focused on demonstrating the capability of the built model to analyze the low-frequency discharge oscillations in the LHT-140 Hall thruster, providing the knowledge needed for the implementation of a better thruster design. In section 2, the numerical methods are introduced. In section 3, the plasma characteristics, including potential, density, and energy, are simulated. Then, the oscillations of the discharge current and ion density are simulated and analyzed, and the simulated oscillation frequency is compared with that calculated by Fife's theoretical model [7] .
Simulation method

Simulation region
The simulation region is shown in figure 2 , where the discharge chamber wall is composed of metal and ceramic. I ac is the distance between the inner anode wall and thruster centerline, I aw is the width of the discharge channel, I fr is the distance from the upper free boundary to the thruster centerline, I az +I cz is the discharge channel length, and I fz is the distance from the right free boundary to the channel input. The cathode electrons get into the simulation region from the upper free boundary, and are simulated using the 'quasineutral injection' method [24] .
Model input
2.2.1. Artificial mass ratio and permittivity. Lightening ions using an artificial mass ratio and increasing the vacuum permittivity using artificial permittivity are conventional methods to simplify the particle-in-cell (PIC) model [24] . Speeding up the ions could shorten the time of convergence. In this study, we apply an artificial mass ratio of f 1000,
the ions are 1000 times lighter than they should be. Increasing the vacuum permittivity enables us to use a coarser grid. In this study, we increase the vacuum permittivity by 2500 times. Consequently, the mesh size applied in our model could be magnified by 50 times [24] . The LHT-140 Hall thruster is similar to the 5 kW P5 Hall thruster [25] , and the Debye length of 0.02 mm in [25] is used in our model. Finally, the mesh size becomes 1 mm after increasing the vacuum permittivity.
Magnetic field.
In the discharge chamber of Hall thrusters, the induced magnetic field strength is far less than the static magnetic field. Thus, we only consider the static magnetic field in this study. At the beginning of the simulation, the precomputed magnetic field value is dispersed to the grids in the simulation region. The radial magnetic field in the discharge chamber of the LHT-140 Hall thruster is shown in figure 3 (a) and the magnetic field lines is shown in (b).
Boundary conditions of potential and particle
The normal component of the electric field on the free boundary is set to 0. Boron nitride ceramic is the main component of the discharge chamber, and the potential distribution near the ceramic wall has an important impact on the sheath characteristics. Thus, the potential near the ceramic wall should be solved accurately, and a reasonable boundary condition is a prerequisite. In the method of Blateau [25] , the theoretical boundary condition of the electric field is expressed as follows:
where E plasmâ and E dielectriĉ are the normal electric field strengths in plasma and ceramics on the boundary, respectively; E plasma  and E dielectric  are the tangential electric field strengths in plasma and ceramics on the boundary, respectively; l is the permittivity of boron nitride ceramics; 0 e is the vacuum permittivity; and r is the surface charge density. Inside and outside the channel, E dielectriĉ is less than E .
plasmâ Thus, we can neglect E , dielectriĉ and the potential boundary on the ceramic wall can be expressed as follows:
Ions lose their charge and are reemitted as neutral atoms at the anode and ceramic wall, specularly reflected at the centerline, and deleted at the free space boundary. Electrons are absorbed at the anode, reflected back to or adsorbed at the ceramic wall according to the secondary electron emission model, specularly reflected at the centerline, and allowed to pass out of the region at the free space boundary. 
Sheath potential correction
The method of Blateau [25] is applied to model the sheath. When an electron collides with the ceramic wall, we compare its energy E to the difference between theoretical and computational sheath magnitudes, as follows:
If E , j > D then a real collision occurs, and the collision will be treated by the secondary electron emission model. If E , j < D then a real collision does not occur, and the electron will be reflected back to the plasma. Then, we will find a good candidate with energy E j > D near the collision position to replace the rejected electron. K is the sheath potential correction coefficient, which is set to 1 at the beginning of the simulation. If we cannot find a good candidate, then K is decreased by multiplying it by 0.95.
Electron diffusion
Previous experimental and simulation studies [26] [27] [28] proved that near-wall conductivity and Bohm diffusion could be responsible for anomalous transport. Near-wall conductivity is included in Hofer's secondary electron emission model [29] :
where G is the gamma function, T e is the electron temperature, a=0.123, and b=0.528. Then, the number of injected secondary electrons after an electron collides with the ceramic wall is calculated as follows:
means that if the decimal part of w d is larger than R f , then the electron that collides with the ceramic wall is reflected back to the plasma as a secondary electron. Otherwise, the electron is deposited on the wall. The conventional Bohm collision frequency is expressed as follows:
where w ce is the electron cyclotron frequency and Bohm n is the conventional Bohm collision frequency. Previous experimental studies [30, 31] showed that the Bohm collision frequency is different in different discharge regions. In our simulation, we assume that α=200 in the ionization region (between the ceramic walls), α=128 in the near-anode region, and α=64 in the near-plume region. Qualitatively similar profiles have been obtained in the experiment conducted in [32] and applied in [33] .
The electron-electron and electron-ion Coulomb collisions are expressed as follows [24] :
where n i is the ion density, n e is the electron density, ei n is the electron-ion collision frequency, ee n is the electron-electron collision frequency, v e is the velocity of electrons, Q ei is the electron-ion collision section, and Q ee is the electron-electron collision section. where E eV is the electron energy, T eV is the electron temperature, and ln L is the column logarithmic function. 
Moving the particles
Through the leapfrog method [34] , the difference equations to be integrated for electrons and ions can be expressed as follows:
where F q E v B t = +( )is the Lorentz force. The difference equations are solved using the method of Boris [34] . First, one half step of electric field acceleration is applied: 
Simulation results and analysis
Plasma characteristics
In this section, the time-averaged plasma parameters, including potential, axial electric field, plasma density, and ionization rate, are simulated with a discharge voltage of 300 V and a propellant mass flow rate of 10 mg s −1 . The two-dimensional distributions of plasma potential, plasma density, and ionization rate are shown in figures  4(a)-(c) , respectively. The comparisons of potential and electric field, plasma density and electron energy, and radial magnetic field and ionization rate at the discharge channel centerline are shown in figures 5(a)-(c) , respectively. Figures 4(a) and 5(a) show that potential drop occurs mainly in the ionization region, where the magnetic field intensity is strong. The electric field intensity is also sufficiently strong to make up for the low electron conductivity, such that the current continuity is guaranteed. Figures 4(b) and 5(b) show that the ionization region is located at approximately 0.6 normalized distance upstream of the channel input. The electron energy reaches the maximum near the channel input and decreases to several electron volts near the surface of the anode. The decrease in the energy of electrons is mainly caused by ionization collisions with the neutral atoms. Figures 4(c) and 5(c) show that the ionization and ion acceleration regions are located between the largest magnetic field at the centerline and 50% of its value. 
Low-frequency oscillations
Under a discharge voltage of 300 V and a propellant mass flow rate of 10 mg s −1 , the variance of current with time is shown in figure 6 . Obviously, the anode, ionization, and ion currents are in periodic oscillation mode and the frequency is approximately 20 kHz. The variance of ion density at the centerline with time is shown in figure 7 , which is the so-called breathing mode oscillation mainly caused by periodic depletion and replenishment of the neutral atoms near the channel input. At the beginning, the neutral density is large, and electric field in the ionization region is large as well because of the low electron conductivity caused by the large magnetic field. The resulting enhanced ionization decreases the neutral density and ionization rate. Then, the neutral atoms downstream move upstream, which effectively increases the ionization rate. Repeating this cycle causes the oscillations. Wang, Wei, and Yu determined that the low-frequency oscillations are also associated with the change of the electric field [23] . Notably, the ion density at 20 μs is high, which is caused by the transient discharge oscillation. Figure 8 illustrates the time variations of the electric field corresponding to figure 7. The electric field decreases when the plasma density increases and increases when the plasma density decreases. Thus, the time of the minimum electric field is in accordance with that of the maximum plasma density, and the time of the maximum electric field is in accordance with that of the minimum plasma density. 
Analysis of oscillations
Fife's method [7] is used to analyze the oscillations. Assuming that the length of the ionization region is L and the distributions of the density and velocity of neutral atoms and ions are uniform, the conservation equation of the number of neutrals and ions can be expressed as follows:
where k is the coefficient of ionization rate depending on electron temperature; n i is the density of ions; V i is the velocity of ions; n n is the density of neutrals; V n is the velocity of neutral atoms; kn n i n and n V L i i are the increment of ions per unit time due to ionization and the decrement of ions per unit time due to the departure of ions, respectively; and kn n i n -and n V L n n are the decrement of neutral atoms per unit time due to ionization and the increment of neutrals per unit time due to the injection of neutrals, respectively. We calculate the linear perturbation as follows:
where the subscript '0' denotes the initial time. Assuming that the rate of change of the densities of ions and neutral atoms is 0 at the initial time,
Moreover, equations (17) and (18) can be rewritten as follows:
which represent an undamped harmonic oscillator: =´-Thus, the frequency is approximately 10 kHz, which is different from that shown in figure 6 , but of the same order.
Conclusions
The simulation results of plasma discharge show that potential drop occurs mainly between the ceramic walls, where the ions are produced and accelerated. The maximum plasma density on the discharge channel line is 2×10 12 cm −3 , and the normalized distance upstream of the channel input is 0.6. The energy of the electrons reaches the maximum near the channel input and decreases to several electron volts near the surface of the anode. The ionization region is mainly located between the maximum magnetic field and 50% of its value. The two-dimensional PIC model captures the low-frequency oscillation behavior successfully and predicts the oscillation frequency, which is consistent with the theoretical model. Thus, the built model can be used to analyze the physics of the LHT-140 Hall thruster and optimize its design. 
